Over the past half-century, we have gained significant insights into the molecular biology of long-term memory storage at the level of the synapse. In recent years, our understanding of the cellular architecture supporting long-term memory traces has also substantially improved. However, the molecular biology of consolidation at the level of neuronal systems has been relatively neglected. In this opinion article, we first examine our current understanding of the cellular mechanisms of synaptic consolidation. We then outline areas requiring further investigation on how cellular changes contribute to systems consolidation. Finally, we highlight recent findings on the cellular architecture of memory traces in rodents and how the application of new technologies will expand our understanding of systems consolidation at the neural circuit level. In the coming years, this research focus will be critical for understanding the evolution of long-term memories and for enabling the development of novel therapeutics which embrace the dynamic nature of memories.
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Memory: From Synapses to Systems
Memory is the canvas upon which we paint the portrait of our lives, and research in the past half-century has provided tremendous insight into this canvas. We now know that the consolidation of long-term memories requires synaptic plasticity; that this plasticity depends on key molecular signaling cascades; and that these cascades serve to strengthen particular synaptic connections to consolidate memories in discrete brain networks (for review see [1] ). There has been particularly strong progress in identifying the electrophysiological [2], genetic [3], proteomic [4] , and epigenetic [5, 6] underpinnings of long-term memory (LTM) (see Glossary) consolidation [1, 7] . Recently, with the advent of techniques for labeling active neuronal ensembles, we have also acquired the ability to resolve the cellular architecture of the memory trace/engram in mammals at the level of neural circuits [8] .
Three key events in the mid-20th century catalyzed the search for molecular mechanisms of LTM traces. First, the formalization of a theory by Donald Hebb in the late 1940s that LTMs require concomitant activation and strengthening of pre-and postsynaptic neurons [9] . Second, the identification by Milner and colleagues in the 1950s that the hippocampus is critical for forming explicit (i.e., episodic) LTMs [10, 11] . Third, the discovery by Bliss and Lomo in the early 1970s that long-term potentiation (LTP) (i.e., enhanced efficacy of pre-synaptic transmission and postsynaptic excitability) may serve as a substrate for LTM [12] . Together, these three findings fortified a view that LTP, long-term depression (LTD), and spike-timing dependent plasticity [13] may provide a mechanism for acquiring and consolidating LTMs. While the in vivo roles of LTP and LTD in learning and memory have been debated [14] [15] [16] , there is a general consensus that the consolidation of LTMs requires de novo mRNA transcription and protein synthesis [17] , as evidenced by their requirement in the late-phase of LTP [18] for episodic (e.g., hippocampal) memories in rodents [19] . Indeed, we have learned a great deal about the cellular and molecular mechanisms of LTM consolidation at the level of the synapse. However, there are still a number of important questions about the cellular and The molecular biology of synaptic consolidation is relatively well-defined. By contrast, the molecular mechanisms of systems consolidation remain poorly understood.
Recent technological developments have helped advance our understanding of the cellular representation of memories in the brain.
One of the goals of future research is to clarify how noncanonical forms of synaptic transmission (e.g., exosomally transported RNA, associated RNA-binding proteins, and epigenetic modifications to the transported RNA) may contribute to systems consolidation.
Integrating tools for examining these noncanonical cellular and molecular mechanisms with tools for tagging select circuits of a memory trace will be highly informative for elucidating the molecular mechanisms of systems consolidation. 
